I. INTRODUCTION
The standard reference for the measurement of physical activity is the metabolic energy expended due to that physical activity [ 1 ] . Consequently, a wide range of techniques for the measurement of physical activity have been developed, including direct observation, questionnaires and diaries, measurement of heart rate, oxygen uptake, determination of carbon dioxide production by the use of doubly labelled water, motion sensors and accelerometers [ 2 ] . Each technique has advantages and disadvantages. Accelerometry offers a practical and low cost method of objectively monitoring human movements, and has particular applicability to the monitoring of freeliving subjects, so it has been used to measure metabolic energy expenditure and to identify and classify movements performed by subjects. Many researchers who have investigated the validity of accelerometers as a tool for energy expenditure estimation in the activities of daily living reported favourably on the device [3] [4] [5] [6] [7] . For walking energy expenditure estimation, Ismail et al. [8] provided a prediction method based on the integration of the rectified force time curves from each measurement direction (r=0.73-0.92). Reswick et al. [9] applied a headmounted accelerometer to estimate walking energy expenditure on a large walkway. These results demonstrated that the integral of the modulus of accelerometer output was linearly related to the energy expenditure during walking, and this has led several researchers to hypothesize that the integral of the modulus of acceleration measured on the human body can be used to predict energy expenditure due to physical activity.
To evaluate the accuracy of energy expenditure, the effect of placement of accelerometers on the assessment of energy expenditure during walking has been studied [10] . However, another important issue, the effect of orientation error (the difference between the assumed orientations and the actually installed orientations of the sensitivity axes) has not yet been addressed.
The aim of this study was to explore the effect of orientation error of triaxial accelerometers on the assessment of energy expenditure. We provide a complete theoretical analysis of the effect of orientation error on the estimation of metabolic energy expenditure and suggest a simple but effective compensation method. The experimental results are provided to validate the theory.
II. BACKGROUND

A. Metabolic Energy Expenditure
There is a considerable body of research investigating the suitability of accelerometers to estimate energy expenditure, and determining the nature of the relationship between the measured accelerations and the actual metabolic energy expenditure [11] . Bouten et al [12] found that the best estimator across a range of daily activities was the sum of the integrals of the magnitudes of each of the three acceleration (r=0.95, P<0.001). The actual energy expenditure was then calculated using a linear regression.
where IAA tot is the sum of the integrals of the absolute value of accelerometer output from all the three measurement directions, EE act is the actual energy expenditure due to activity, a x , a y and a z are accelerometer output from all the three measurement directions respectively, and T is integration period.
B. Orientation Error Analysis and Compensation Method
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The orientation error is defined as the difference between the desired sensitivity axis and the actually sensitivity axis. See Fig. 1 , where the orientation error can be determined by using three parameters (e.g. three Euler angle, , , , where is the rotation about the Z axis of the initial coordinate system, is the rotation about the Y axis of the newly generated coordinate system, followed by a rotation by about the new Z axis [ 13 ] ). For a Triaxial Accelerometer, because there is no gyroscope to provide direction information and the absolute directions of X, Y and Z are not physically defined, the estimation of the three Euler angles is impossible. (2), we know that for the estimation of energy expenditure, it is important to get a reliable value of tot IAA . Equation (1) , the cumulative effect of the orientation error is less than 5%.
III. EXPERIMENTAL VERIFICATION
A. Subjects
The subjects were 4 healthy volunteers (two females, two males) aged (mean SD) 30 1.5 years, body weight: 63. 5 5.6kg, height: 174.0 6.8 cm.
B. Procedure
Each subject walked on the treadmill for 30 minutes. His/her preferred walking speed was defined by progressively increasing the treadmill speed from 3km.h . They were asked to state which speed was the most comfortable for them. The preferred speed for man was 5km.h -1 , while for woman the preferred speed was 4km.h -1 . After a resting period, the subjects walked at two speeds, which were 4km.h -1 and 5km.h -1 . For each speed, a triaxial accelerometer was first attached to the lower back for 5 minutes at the correct orientation to record body accelerations without orientation error. Then the triaxial accelerometer was attached to the lower back at arbitrary orientation for 5 minutes. After a second resting period, the triaxial accelerometer was reattached to the lower back at another arbitrary orientations to record body accelerations for a further 5 minutes. We repeated this procedure for 15 times for each subject. The speed was then changed and the above procedure was retested for the new speed.
The gait style was assumed to be constant during each 5 minutes exercise because the subjects were well trained at treadmill walking through the preferred speeds, and that the accelerometer output would not vary from one step to another.
Only the last 2 minutes of each exercise was used for the data analysis. It was assumed that 3 minutes warm up was sufficient to reach a steady state of energy expenditure.
C. Accelerometer
The accelerometer was designed in Biomedical System Lab (School of Electrical Engineering and Telecommunication, UNSW), and it consisted of two orthogonally mounted bi-axial piezo-resistive ADXL210 devices enclosed in a small pager casing. Telemetry was used to transmit the data to a personal computer where the data was stored [14] . An anti-aliasing analogue low-pass filter at 50 Hz was built in the device to reduce the bandwidth.
D. Data Reductions
Before further analysis, a digital high pass filter was applied to the raw signal of the accelerometer output (f c = 0.11Hz) in order to remove the DC value (i.e. the gravity influence). Also the signal was passed through a low pass filter (f c = 20Hz) to subtract high frequency noise that is not expected to arise from human movement. The filtered data is analysed by using the calculation from equation (1) to (4), where the integration period T is 60 seconds.
IV. RESULT
To test the efficiency of the proposed compensation technique (equation (4)), we take the difference for each subject between the 'true' value of the energy estimation, and both the uncompensated and compensated values. These are then analysed statistically to find the root mean square error (RMS). These results are summarised in table I. From this, we see the significant improvement (20% -59%) in the proposed compensation technique in estimation of the energy expenditure. We also note that the improvement at the higher speed (5km.h -1 ) is greater than that at the lower speed, implying that this compensation is more critical with the increased velocity. Indeed, the RMS (compensated) of the 5km.h -1 data is significantly the same as that for the RMS of the 4kmh -1 data, implying that the technique is capable of estimating the energy expenditure to the same level of precision, no matter what the walking speed. This is also demonstrated from the graphs in Fig.4 , where we present the results for just two subjects. It is clear that the errors for compensated estimates are very much less than those for the uncompensated estimates, and also that the estimation errors increase with the increased speed (cf. 4kmh -1 and 5km.h -1 ). 
V. CONCLUSION
This study explores the orientation error of triaxial accelerometer on the assessment of energy expenditure. There are two major contributions in this study. Firstly, it is found that small orientation errors ( o 3 ) have no distinguishable effect on the estimation of energy expenditure. Secondly, the compensation method proposed has shown a possible improvement (table I) between 20% and 59% in the estimation of energy expenditure, and at least for this study it has proved to be as effective for the higher velocity as that for the lower. This could be verified by expanding the number of subjects and the range of speed.
